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Introduction
Attention deficit hyperactivity disorder (ADHD) has a childhood prevalence of 7.2% and is therefore one of the most common psychiatric disorders in school age children (Thomas et al., 2015) . It is characterized by age inappropriate levels of inattention, impulsivity and hyperactivity (DSM-V) leading to functional and psychosocial impairments that affect school performance as well as family life (Able et al., 2007) . Working memory deficits belong to the most prominent cognitive ADHD symptoms and are found in up to 98% of patients (Kasper et al., 2012) . They are a better predictor than inattention or hyperactive/impulsive symptoms for academic dysfunction, grade retention, placement in special classes and poor reading and math performance (Fried et al., 2016 , Simone et al., 2018 .
Working memory is defined as the temporary storage for maintaining and manipulating information. It is often investigation with the n-back paradigm, in which subjects have to indicate if each stimulus of a sequence matches the stimulus presented a specified number (n) of trials previously. ADHD patients show diminished n-back performance associated with reduced amplitudes of the N200 and P300 (Barry et al., 2003 , Keage et al., 2008 , Johnstone et al., 2013 . The N200 peaks over centro-parietal sites (Stroux et al., 2016) and represents a match/mismatch process (Daffner et al., 2011) . P300 peaks over parietal sites and has been associated with stimulus classification, updating of mental representations in working memory and the decision how to respond (Helenius et al., 2011) . Working memory is modulated by a fronto-parietal network (Darki et al., 2015) including the inferior frontal gyrus (IFG). This region receives information from posterior association areas and organizes information held in working memory (D'Esposito et al., 2000) . IFG activity during the n-back task is mainly bilateral (Miró-Padilla et al., 2019) . But in ADHD patients, particularly the right IFG shows structural and functional changes such as reduced grey matter volume (Depue et al., 2010) and decreased activity during working memory tasks (Schweitzer et al., 2000 , Valera et al., 2010 . 5 Response inhibition is a cognitive function important to consider when understanding working memory deficits in ADHD. On a behavioral level this functions shows moderate to high correlations with working memory (Alderson et al., 2017) . This is reflected on the functional level, where the right IFG was identified as a common area being active during working memory and response inhibition (McNab et al., 2008) . A study from Clark et al. (2007) indicates that ADHD related deficits in both cognitive functions may stem from a common pathologic process that is driven by the underactivation of the right IFG. They showed that working memory and response inhibition performance are associated with each other in ADHD patients and in patients with right frontal lesions but not in patients with left frontal lesions.
Because both functions seem to be closely intertwined, Johnstone et al. (2010) showed effectiveness for a cognitive ADHD training that combined working memory and response inhibition aspects. Accordingly, we applied a combination of both task demands for the improvement of working memory in ADHD.
Transcranial direct current stimulation (tDCS) is a method to modulate cortical excitability, which has been suggested to be of therapeutic use in ADHD (Castellanos et al., 2012 , Muszkat et al., 2016 . As a non-pharmaceutical alternative it produces less side-effects (Lee et al., 2011) and can have long-lasting effects when applied repeatedly (Cohen Kadosh et al., 2010 ). An important factor for the success of tDCS is the degree of activation in the target area. For prefrontal tDCS during the n-back task it was found that online stimulation and a difficult task (3-back task) lead to greatest performance improvements (Martin et al., 2014 , Gill et al., 2015 .
It seems that best effects are achieved when the target brain network is in an activated or preactivated state so that activation within the network is reinforced by the stimulation (Gill et al. , 2015) . In the present study design these effects were considered as stimulation was performed online. Moreover, the working memory task was enriched by inhibitory task demands to maximize involvement of the right IFG. This approach was considered most suitable for ADHD 6 patients since increasing the difficulty of the n-back task could have resulted in reduced motivation or cognitive fatigue.
Studies that applied tDCS in ADHD patients have already shown beneficial effects on interference control (Breitling et al., 2016) , functional connectivity (Cosmo et al., 2015 , different aspects of executive functions (Soltaninejad et al., 2015 , Bandeira et al., 2016 , Nejati et al., 2017 and general ADHD symptoms (Cachoeira et al., 2017 . Further, oscillatory tDCS during sleep increased behavioral inhibition (Munz et al., 2015) and declarative memory (Prehn-Kristensen et al., 2014) . However, none of these studies directly analyzed the underlying electrophysiology and only one focused on the stimulation of the right IFG.
All prior studies used a bipolar electrode configuration mostly with rectangular pad electrodes that had a size of 7 x 5 cm. This conventional tDCS montage is discussed critically because it induces diffuse distributions of current flow in widespread brain areas, where the largest current density might not occur directly under the electrodes (Datta et al., 2009 , Faria et al., 2011 ). An alternative is high definition tDCS (HD-tDCS). For HD-tDCS small disc electrodes are placed in a 4 x 1 configuration with the stimulation electrode being surrounded by four reference electrodes in a ring-like pattern (Datta et al. , 2009) . In this montage current flow is restricted to the area under the electrodes, which increases precision. This ensures high current densities mainly in the target area and the risk of side effects is reduced as stimulation of non-target brain areas is kept to a minimum.
The aim of this study was to investigate whether effects of HD-tDCS and of conventional tDCS are superior to the effects of sham stimulation on working memory performance in ADHD patients. The present study is the first to apply HD-tDCS to ADHD patients and one of the first to use this method in children and adolescents. We used a within subjects design, where, in a first step, every patient underwent a training session of the cognitive task to reduce learning 7 effects in later sessions. In the following sessions, anodal stimulation was applied to the right IFG using conventional, HD and sham tDCS. Patients performed a 2-back task enriched with response inhibition requirements during stimulation. Current flow simulations of HD-tDCS were used to place electrodes. For conventional tDCS a bipolar setting of pad electrodes was used with the anode placed over the target area, and this montage was computer-simulated to assess the current density. EEG was recorded subsequent to tDCS, while patients still performed the cognitive task. Additionally, baseline data were assessed in a healthy control group in order to evaluate performance and neurophysiological parameters in the ADHD group. We expected that in verum tDCS conditions working memory performance would improve and that amplitudes of N200 and P300 would increase. In tDCS, as in most treatments, interindividual variability in response is high, with less than 50% responders being not unusual (Lopez Alonso 2014). Therefore, we investigated whether individual characteristics as inattentive and hyperactive/impulsive symptom load predicted responsiveness to stimulation (Fins et al., 2017) .
Methods

Participants
30 children and adolescents aged 10 to 16 years participated in the study. Patients were recruited via the Department of Child and Adolescent Psychiatry and control participants through advertisements in the local newspaper. All participants and their parents were interviewed using the German Adaption (Delmo et al., 2000) of the K-SADS-PL based on DSM-IV criteria (Kaufmann et al., 1997) . Fifteen participants met the diagnostic criteria of ADHD. Standardized measures of intelligence (CFT 20-R; Weiss, 2008) , concentration performance (d2; Brickenkamp, 2002) and handedness (Edinburgh Handedness Inventory; Oldfield, 1971) were used. In the patient group, participants with an IQ below 80 and over 130 or with psychiatric 8 disorders others than oppositional defiant disorder or conduct disorder were excluded. Patients that were currently taking ADHD medication refrained at least 24 h before each session.
Participants of the healthy control group reported no neurological or psychiatric disorders. As one ADHD patient was excluded from all data analyses, sample characteristics in Table 1 are displayed for the remaining participants. Four more patients were excluded from EEG analysis only.
The study was approved by the local ethics committee of the University of Magdeburg and followed the ethical standards of the Helsinki declaration. All participants and their parents gave written informed assent/consent before participating and none of them reported contraindications to receiving tDCS. Participants obtained a voucher in each session (15 €) for a local shopping center.
INSERT TABLE 1 ABOUT HERE.
Task and procedure
An n-back paradigm (n = 2) was used where a series of capital letters (A, D, E, H, I, N, R, S, T, U) was presented ( Fig. 1A ). Target trials (21%) had to be identified by button press (right target, left non-target). This task was enriched by stop trials (17%) where the stimulus was an X and participants should not press any button. Afterwards, a new series of letters started.
Before the beginning of the task a practice session was conducted for 1.25 min. Participants were instructed to react as fast and as accurately as possible. Stimuli were presented with the software Presentation (version 18.0, www.neurobs.com) and had a visual angle of 0.86° (height). In a pilot experiment, it was validated that the inhibitory task demands did not compromise the ERP component structure (see Supplementary Table S1 ).
ADHD patients underwent four sessions. In the first session they trained the task for six runs (each 4.5 minutes, 110 trials) to reduce learning effects in the following stimulation sessions.
Three tDCS conditions, conventional, HD and sham, were conducted in the following sessions in a pseudo-randomized, double blind order, separated by at least six days. After EEG and tDCS electrode placement the experiment started with 5 min of tDCS followed by another 15 min of stimulation while the task was applied (3 runs). Afterwards, the EEG recording started and the task was conducted for another 15 min. At the end of each session participants reported tDCS related skin sensations on a 5-point Likert-scale and at the end of the last session a questionnaire about tDCS side effects was filled in. Each session had a duration of about 1.5 h.
The healthy control group participated in only one session, in which the task was conducted for 15 min while recording EEG. Because of deviating procedures between patients and controls, data of both groups are not entirely comparable. Still, behavioral and neurophysiological data of healthy controls serve as reference and should constitute the margin of improvement that can potentially be achieved in ADHD patients.
Transcranial direct current stimulation (tDCS)
TDCS was conducted with a battery driven DC stimulator (neuroConn, Munich, Germany). For conventional tDCS 7 x 5 cm rubber electrodes were covered with saline soaked sponges (NaCl 0.9%). The anode was placed centrally over EEG position F8, which corresponds to the right IFG (Koessler et al., 2009) . The cathode was placed over the contralateral supra-orbital area.
For HD-tDCS a 4 x 1 montage (Kessler et al., 2013) of small circular electrodes (diameter 1 cm) was used with the anode placed centrally. Fig. 1B shows the estimated current magnitude for conventional and HD-tDCS. For details of current flow simulations of both montages and of electrode placement for HD-tDCS see Supplementary Material S2. Sham tDCS was randomly applied with conventional or HD electrode setting. Current intensities were set to 1 mA for conventional and 0.5 mA for HD-tDCS to adjust for higher concentrations of current densitiy during focal stimulation. Three patients were very sensitive to the stimulation so that current intensities were reduced by 50%. In two patients current intensities were reduced during all tDCS sessions, in one patient only current intensity of conventional tDCS was reduced.
Stimulation was applied for 20 min with a 30 s ramp up and down.
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EEG recording and analysis
EEG was recorded using a SynAmps amplifier (Neuroscan, Sterling, VA, USA). Data from 21 channels were measured according to the International 10-20 EEG system with Ag/AgClelectrodes placed in a cap (Easycap GmbH, Herrsching, Germany) at positions Fp1, Fp2, F7, F3, Fz, F4, F8, FT9, FC5, FC6, FT10, C3, Cz, C4, P7, P3, Pz, P4, P8, O1 and O2. Bipolar channels with electrodes placed at the outer canthi of both eyes and at sub-and supra-orbital positions were used to record electro-oculograms. Signals were referenced to linked mastoid electrodes and ground electrode was at AFz. The sampling rate was 500 Hz. Data were filtered with an analog filter between 0.05 and 70 Hz and with a notch filter at 50 Hz. Impedances were kept below 15 kΩ. Epochs were baseline corrected relative to a time window of -200 to 0 ms. Due to extensive eye and facial movement only parietal electrodes were used for further processing. Artifact detection was applied in the time window between 0 to 700 ms. Trials with artifacts that exceeded 100 µV were removed automatically and further artifactual trials were removed by a trained person. Five ADHD patients were excluded from the EEG analysis because of low remaining trial count (less than 15 trials). Thus, a mean number of 34 n-back target trials was analyzed in ADHD patients and of 50 trials in healthy controls (t (23) = -4.23, p < .001). A right parietal region of interest (ROI: P4, P8) was chosen on the basis of topographic distribution of components (see Fig. 2 ). Mean amplitudes and latencies were defined with the ERPLAB measurement tool for N200 (150-250 ms) and P300 (300-450 ms).
INSERT FIG. 2 ABOUT HERE.
Statistics
Working memory performance was calculated as the corrected hit rate (target hits -false alarms). One patient was excluded from behavioral data analysis because working memory performance (mean over all experimental sessions) was below two standard deviations of the group mean. Reaction times were calculated from correct trials with reaction times of 100 ms or more. Performance measures from online and offline tDCS were pooled as no interaction with tDCS condition was found (see Supplementary Table S3 ). Statistical evaluation was carried out in SPSS (version 24.0, IBM Corp., Armonk, NY, USA). To compare ADHD patients and healthy controls independent t-tests were performed. If Levene's test for equality of variances was significant, t-tests with a Satterthwaite approximation for the degrees of freedom were reported. For performance measures (working memory performance, misses, reaction times, standard deviation of reaction times) patients' first sessions and for ERP measures (amplitudes, latencies) patients' sham sessions were used. We point out that acquisition and trial number of ERP data in controls are not entirely comparable to ADHD patients. However, these data were used as a reference for the interpretation of ERPs in ADHD patients. ANOVAs were conducted with the factor tDCS condition (conventional vs. HD vs. sham) for performance and ERP measures to investigate effects of tDCS. When necessary, results were Greenhouse Geisser corrected. Subsequently, patients were categorized into responders and non-responders.
The difference between working memory performance in verum and sham session was defined as the tDCS effect and served as an indicator for this classification. Patients with a positive difference were defined as responders, all others as non-responders. Responding rates during conventional and HD-tDCS were compared using McNemar's test for repeated measures.
Finally, a regression analysis of the tDCS effect on working memory performance was calculated from the factors "number of inattentive symptoms" and "number of hyperactive/impulsive symptoms" assessed with the K-SADS-PL as well as from the factors "IQ" and "age" using the method forward.
Results
Behavioral data
ADHD patients showed impaired working memory performance compared to healthy controls (t (27) = -2.67, p = .013) and responded less frequently (misses: t (23) = 2.26, p = .034). Table 2 displays the task performance.
INSERT TABLE 2 ABOUT HERE.
There was no general effect of conventional or HD-tDCS on working memory performance (F (2,26) = 0.57, p = .570) or on other task performance measures. This might be due to high variability in responsivity to tDCS between patients. On a descriptive level, variability (Fig. 3) showed differences between both tDCS montages with the responder rate being higher for HD-tDCS (50% responders) than for conventional tDCS (36% responders) (p = .50). Thereby, all patients who responded to conventional tDCS also responded to HD-tDCS but not vice versa.
Regression analyses were used to investigate if the number of inattentive or hyperactive/impulsive ADHD symptoms as well as IQ and age were predictors of tDCS effects.
We found that for HD-tDCS the number of hyperactive/impulsive symptoms predicted the effect on working memory performance (b = -.62, t (12) = -2.74, p = .018) and therefore explained a significant proportion of variance (R 2 = .39, F (1,12) = 7.50, p = .018). Thus, in individuals with fewer hyperactive/impulsive symptoms HD-tDCS had larger positive effects on working 13 memory performance. As there was no correlation between number of hyperactive/impulsive symptoms and working memory performance in the first training session (r = -.16, p = .578), the effect was not explained by poor baseline performance of tDCS responders. Interestingly, the effect of conventional tDCS on working memory performance was not predicted by any of the investigated factors. Between controls and sham condition of ADHD patients there was no difference in amplitudes of N200 (t (23) = -1.13, p = .271) but amplitudes of P300 were reduced in patients (t (23) = -3.46, p = .002). An ANOVA (conventional vs. HD vs. sham) showed a significant difference between tDCS conditions for the N200 (F (2,18) = 7.51, p = .004). Mean amplitudes were more positive after conventional tDCS (t (9) = 2.98, p = .016) and after HD-tDCS (t (9) = 3.20, p = .011) compared to sham stimulation. For the P300, a significant difference between tDCS conditions was also found (F (2,18) = 8.91, p = .002). After conventional tDCS (t (9) = 2.58, p = .030) and after HD-tDCS (t (9) = 5.04, p = .001) amplitudes of P300 were larger compared to sham. Thus, after stimulation, working memory related ERP components in ADHD patients were more in resemblance to ERPs in healthy controls. Latencies of both components were not affected by tDCS. Mean ERP values and results of statistical comparisons are given in Table 3. INSERT 
Event Related Potentials (ERPs)
Side effects
TDCS related sensations were rated with medium intensity on a 5-point Likert-scale (conventional 3.0, HD 2.8, sham 2.3; F (2,28) = 3.55, p = .043; conventional vs. sham p = .022; HD vs. sham p = .056). Patients reported the following side effects: itching 36%, pain 36%, fatigue 21%, headache 7%, phosphenes 7%.
Discussion
We investigated effects of conventional and HD-tDCS over the right IFG on working memory performance in children and adolescents with ADHD. We found increased positive values of mean amplitudes for P300 and N200 components during HD and conventional tDCS, suggesting that the underlying neurophysiological processes were more in resemblance to typically developing peers. Behavioral performance was not generally influenced by tDCS but HD-tDCS effect on working memory depended on the individual hyperactive/impulsive symptom load. Moreover, the rate of responders for HD-tDCS was at least equivalent to the responder rate for conventional tDCS.
We could show that both tDCS montages increased the amplitude of the P300. Most ERP research on P300 was done in adult ADHD patients and is therefore not entirely comparable to the present study. Still, our results are in line with a meta-analysis of Szuromi et al. (2011) finding decreased P300 amplitudes in ADHD. They stated that over a pathway which includes the lateral prefrontal cortex and the temporoparietal junction, P300 is associated with the ventral attention network. Therefore, they interpreted decreased P300 amplitudes in ADHD as a dysfunction of that network. Accordingly, increased P300 amplitudes in the verum tDCS conditions of this study suggest an enhanced function of the ventral attention network and therefore improved working memory processing in the patients. It is interesting to note that the administration of methylphenidate also increased P300 (Hermens et al., 2005) . For the N200 component we found more positive values of mean amplitudes after verum tDCS, which was not in line with our hypothesis. However, this means that after stimulation N200 amplitudes were more similar to control participants, which suggests underlying neurophysiological processes became more comparable with healthy controls.
Although tDCS modulated ERP amplitudes, the primarily targeted behavioral parameter was not generally improved, which is not unusual. Often, tDCS causes changes in related parameters as reaction time (Munz et al. , 2015) or network activity . One possible explanation is that tDCS induced neurophysiological modulation can be too weak to induce behavioral effects in all individuals. Still, our ERP data indicate a positive modification of working memory processing. However, in future studies this promising approach needs to be modified in a way that induces stable improvements on a behavioral level.
Interindividual variability in response to tDCS was high, which prevented a general group effect on behavior. In fact, high variability is a frequent phenomenon in tDCS studies (Lopez-Alonso et al., 2014 , Wiethoff et al., 2014 . We assume that it was mainly caused by functional differences of pre-activity and excitability in relevant brain areas (Li et al., 2015) and by anatomical differences leading to varied current density distributions (Kim et al., 2014) .
However, when comparing both stimulation montages there was a trend towards a higher rate of responders to HD-tDCS. Furthermore, all patients that responded to conventional tDCS also responded to HD-tDCS, but not vice versa. Therefore, we consider HD-tDCS to be at least as effective as conventional tDCS.
This result is particularly remarkable as our computer simulations showed reduced average current density magnitudes of approximately 0.014 A/m 2 on the right IFG' brain surface for HD montage compared to approximately 0.14 A/m 2 for conventional tDCS (where 1 mA was injected). The current density averages differed by a factor of 10 between both montages. This discrepancy can mostly be attributed to the fact that only half (factor: 2) of the total current intensity was injected for HD-tDCS (compared to conventional tDCS), so while the anodal current intensity was 0.5 mA, the cathodal current intensity of 0.5 mA was splitted equally across 4 electrodes (equals to a total factor of 8). But also volume conduction properties (e.g., tissue conductivity distribution) as well as electrode placement highly influence the current density profile in the right IFG as well as the rest of the brain, whereas the latter may not have been optimal for simulating HD-tDCS to reach a similar level of current density as with conventional tDCS electrode setup. Systematically varying current intensities in future studies may provide clarity regarding this issue. To our knowledge of the literature, no computational algorithm has been proposed to search for optimal electrode scalp locations that maximizes or matches a desired current density profile in the ROI using few HD-tDCS electrodes (e.g., 4 x 1). However, for a large number of HD electrodes with fixed scalp locations, although unknown electrode current intensities, this problem can be solved (Guler et al., 2016a , Guler et al., 2016b .
Regarding ERP modulations both tDCS montages showed similar effects but from a safety point of view HD-tDCS has some advantages. The current flow simulations shown in Fig. 1B illustrate that HD-tDCS stimulated the target area with a much higher precision than conventional tDCS. HD-tDCS induced electrical current peaks in brain areas near the electrodes whereas in conventional tDCS those peaks can also be found in non-target areas in-between electrodes. Furthermore, during HD-tDCS current flow was restricted to the area circumscribed by the electrodes, while during conventional tDCS widespread brain areas were stimulated, including the whole right frontal lobe and adjacent areas. This unnecessary stimulation of nontarget brain areas enhances the risk of unintended changes in brain functions, which is of special importance in the vulnerable ADHD patient group of childrenand adolescents (Hameed et al., 2017) . On the other hand increased precision bears the risk of missing the target area in individuals with varying neuroanatomy. But future approaches could avoid this issue by using individualized tDCS montages. A further downside of HD-tDCS is higher current density on the skin. However, current flow simulations show considerably reduced current density on the cortex during HD compared to conventional tDCS (as discussed above) while comparable effects were induced. In an approach of using the lowest dose necessary, we would expect a reduced risk of side effects by inducing less current flow in the brain. We state that it is preferable to use HD-tDCS over conventional tDCS when possible, for the reasons of higher precision and a potentially reduced dose of current in the brain while inducing similar effects.
We found that effects of HD-tDCS on working memory performance depended on the hyperactive/impulsive symptom load. Patients with fewer symptoms were more likely to respond to HD-tDCS. We assume that this association was modulated by functional (Solanto et al., 2009 , Orinstein et al., 2014 or connectivity characteristics (Fair et al., 2012 , Park et al., 2016 of ADHD patients with low hyperactivity. However, further studies that compare tDCS effects specifically between high and low hyperactive ADHD patients are necessary to draw reliable conclusions about this factor. If this association will be confirmed, it would allow for the selective use of HD-tDCS in specific individuals making tDCS more efficient by sparing patients unsuccessful stimulations. Interestingly, this relationship was not found for conventional stimulation. But causation of this montage specificity cannot to be explained with the present study as ERP results provide no indication for differential mechanisms of action.
A limitation of the study is the small sample size, especially for ERP analysis. Due to ADHD symptoms, the collection of high quality EEG data was extremely difficult resulting in a small number of analyzed trials. To account for the small sample size, confounding variables were avoided. So, participants underwent one training session in the beginning to minimize learning effects between experimental sessions. Strength of the study is the assessment of EEG data from healthy controls. Still, measurements of controls were obtained from a single session, in contrast to repeated sessions in patients. Although data acquisition differed between groups, we assume results to be mainly comparable as it has been found earlier that the target P300 for visual stimuli does not habituate (Geisler et al., 1994) , especially in parietal areas (Wintink et al., 2001) .
Conclusions
We showed that HD-tDCS is at least equally suitable as conventional tDCS for the successful recruitment of the right IFG. Therefore, HD-tDCS is a safe and promising approach for modulating working memory processing in ADHD patients. Further investigations may address the question how the neurophysiological effects found here, can be extended to a stable behavioral effect. Approaches to enlarge effects could be to do repeated tDCS sessions (Ditye et al., 2012) or to apply multifocal stimulation where not only one region but a whole network can be stimulated at the same time (Fischer et al., 2017) . Table 1 Sample characteristics, M and SD. 
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